Selective Non-Catalytic Reduction (SNCR) of nitric oxide was studied experimentally by injecting different concentrations of aqueous urea solution; urea and ammonia in a pilot-scale Bio-fuel fired tunnel furnace at 3-4 % excess oxygen level and with low ppm of baseline NO x ranged from 65 to 75 ppm within the investigated temperature range. The furnace simulated small-scale combustion systems where the operating temperatures are usually in the range of about 973 to 1323 K and NO x emission level remains below 100 ppm. NO x reductions were studied with the variation of different parameters such as injection temperature, residence time, Normalized Stoichiometric Ratio (NSR) of the reagent, carrier gas pressure, etc. A significant result shows that for NSR, at higher NSR, ammonia could give significant reduction of NO x at the investigated injection temperature. Meanwhile, for the effect of residence time, both aqueous solution shows that the NO x reduction increased with increase in residence time. Finally for the effect on injection temperature, both aqueous solution, up to a certain temperature NO x reduction continued to increase with increasing injection temperature and afterward the reduction decayed with further increase in temperature.
directly to NH 2 and eventually NCO radicals in equal proportions. Salimian and Handson (1980) showed that urea might rapidly decompose to give amidogen radicals directly. They performed a modeling calculations based on their reaction mechanism that predicted that the peak NO x removal efficiency is comparable to ammonia and reaction temperature window was towards lower temperatures. They suggested the urea could be used as an alternative of ammonia. Although the use of ammonia is more prevalent, it has a number of disadvantages such as pure ammonia can lead to stress corrosion cracking, ammonia with a certain proportion to air is explosive (Brouwer et al., 1996) . Aside from that ammonia is a very toxic gas so any leakage due to careless handling may cause serious harm to the health. Both aqueous and anhydrous forms of ammonia are toxic and their use is regulated (Albanese, 1994; Arand et al., 1982) . On the other hand, the urea is non-corrosive, safer and non-regulated chemicals and as it is solid, storage, transportation and handling is much easier than ammonia and consequently urea based selective non-catalytic reduction system has been installed on more utility boilers than the ammonia-based SNCR system (Boo et al., 2001) . Unlike ammonia the documentation related to the investigations of urea are limited in the open literature, yet, so far, urea SNCR has been successfully applied to a wide variety of fuels and boilers such as coal oil and gas fired boilers, industrial boilers, refineries, and waste incinerators.
NO x Reduction Performance with Urea
The capabilities of urea based SNCR were investigated in two large pulverized coal fired boilers. One unit was Georgia Power Company's Hammond unit 4, located in Rome Georgia and another one was Wansley unit 1, located in Roopville, Georgia. Hammond unit 4 was a wall fired 500 MW foster wheeler unit that had been retrofitted with foster wheeler low NO x burners and over fire air and Wansley unit 1 was a twin furnace, tangentially fired 880 MW combustion engineering unit that had been retrofitted with ABB C-E service's Low NO x concentric firing system level 2. At plant Wansley, the average exit temperature was in excess of 1555 K at full load condition and plant Hammond unit 4 at full load condition the average exit temperature was in excess of 1333 K. Test demonstrated that at an NSR of 1.0, for Hammond unit 4, 30 to 35 % NO x reduction was obtained maintaining an ammonia slip below 5 ppm and for other case only 22% reduction was observed with an ammonia slip of 6 ppm (Eddings et al., 1998) . In 1999, urea based SNCR system has been first retrofitted in two existing 250 MW coal fired boilers at Honam power Plant in Yosu, Korea. Both boilers were Babcock and Wilcock opposing wall fired using low sulfur coal (< 0.5% coal) as fuel. In case of unit 1, during test the base line NO x was 462 ppm @ 6% O 2 . The aqueous urea solution was injected at a NSR of 1.1 and full load condition. About 41.4% reduction was achieved, while the ammonia was about 10 ppm. In case of unit 2 at full load condition the initial NO x was recorded 416 ppm @ 6% O 2 . The urea solution was injected using same NSR. The NO x reduction in this case was also 41.4%, however the ammonia slip was only 4 ppm (Boo et al., 2001) . Arand et al. (1980) have conducted an experiment in a natural gas fired tunnel furnace. He created the baseline NO by adding the NO directly just before the reagent injection point. The base line NO varied from 490 to 580 ppm while the NSR ranged from 0.5 to 5.5. He reported a maximum reduction of 95% at 1291 K and NSR of 5.5 for an initial NO x of 505 ppm. The preferential temperature window in his studies was appeared to be in the range of about 1140 to 1310 K. From the literature, found that the used of urea solution have a potential in reducing emissions in Bio-fuel combustion system. This paper will describe the results comparison between the use of urea solution and ammonia liquor. The analysis was performed in Normalized Stoichiometric Ratio (NSR).
Experimental Setup and Procedure
A schematic diagram of the experimental set up is shown in Figure 1 . The complete experimental set up mainly consists of burner, combustor and injection system. A Riello brand 40G series-G10 light oil industrial burner was used for the experiment as a combustion source. All tests were conducted using Bio-fuel (B5% -5% of palm oil and 95% commercial diesel) as fuel. Fuel was injected at the back plate using central fuel injector with single fuel nozzle pointing axially outwards. A circular pilot-scale combustor or combustion chamber was used for the present experiment. The length and the outside diameter of the combustor were 1765 mm and 390 mm respectively. The material was 2.5 mm mild steel sheet. To reduce the heat transfer in order to get high temperature inside the combustor as well as to protect the combustion chamber wall being overheated, a 50 mm refractory lining of KIMCAST LW 11 material was used. Injector for reagent injection was placed at the downstream of the flame zone, i.e. at post combustion zone as SNCR is concerned with the post combustion flue gas treatment. Usually, in the injection zone the NO x reducing reagent is injected into the combustion effluent from a single or multiple injectors. In this zone also most of the reagent is mixed with the flue gas. A 70 cone spray dual fluid injector was used in the present studies. The injection zone started from 700 mm downstream of the burner end and continued up to about 1100 mm. At the injector section one temperature tapping was made in order to provide the facility to measure the temperature of injection
Results and Discussions
Experiments were performed using 5% aqueous urea and ammonia solution to investigate the NO x reduction, effective temperature window and peak temperature of NO x reduction with the variation of injection temperature, residence time and normalized stoichiometric ratio. The tests were performed in a range of Normalized Stoichiometric Ratio (NSR) from 1 to 4, temperatures from 973 to 1323 K and residence time for 815 mm of reactor.
Effect of Normalized Stoichiometric Ratio
The Figure 2 shows the effect of normalized stoichiometric ratio on NO x reduction for 5% urea and ammonia solution at an injection temperature of 1093 K and NSR of 4. Both profiles show that the NO x reduction increased with increasing value of NSR. However, in case of ammonia the reduction rate was higher within the investigated range of NSR. Another significant feature is that between NSR of about 1 to 3.3, urea achieved better reduction rate than ammonia but between NSR of about 3.3 to 4, ammonia was observed to be effective NO x reducing reagent at the investigated injection temperature. This might have occurred due to following causes: For a particular concentration of reagent, to maintain a certain value of NSR, injection rate of urea will be about twice as much as ammonia since the molecular weight of urea is more than ammonia. So, at a particular value of NSR, the droplets of ammonia will be finer than urea. Between NSR of 1 to 3, the droplets produced by ammonia were too fine to have sufficient flow momentum in order to penetrate effectively in to the flue gas and thus resulted in reduced NO x reduction than urea. In contrast, between NSR of about 3.3 to 4, injected amount of urea produced too coarse droplets with respect to the investigated temperature to get better output than ammonia. This happens because coarser droplets than optimum size take longer time to become in contact with the nitric oxide of the flue gas as water, which surrounds the droplets, is more in case of coarser droplets and takes longer time to be evaporated. In the present study in case of ammonia, between NSR of 3.3 to 4, the fall of NO x reduction rate was quite insignificant as compared to urea, which suggests that at higher NSR i.e. more than 4, ammonia could give significant reduction at the investigated injection temperature. Figures 3 and Figure 4 shows the comparison of the NO x reaction profile as a function of residence time of reagent-flue gas mixture between 5% ammonia and urea solution at an injection temperature of 1093 K and NSR of 4. The both profiles show that the NO x reduction increased with increase in residence time. Up to the residence time of 283 ms in case of both profiles, the reduction was moderate, however, afterwards with further increase in residence time the reduction rate decreased gradually and tended to be flat. Over a first 283 ms residence time, the reduction rate of ammonia was sharper than urea, however, afterward urea had higher reduction rate. This can be explained as follows: In case of ammonia the peak temperature of NO x reduction is 1063 K and that for urea is 1128 K, so within 283 ms the reactors temperatures were around 1063 K and thus ammonia resulted in higher rate of NO x reduction as compared to urea. Apart from the low temperature effect, this rate might decrease due to low reagent-flue gas ratio. As the residence time increases the amount of active reagent to flue gas decreases along the downstream of the reactor, which may cause poor reaction performance. In case of urea, as in the first 283 ms of residence time the reduction rate was smaller than ammonia, so at the downstream of the combustion chamber the reagent-flue gas ratio was obviously higher for urea case than ammonia, which might cause the higher reduction rate at the downstream of the combustion chamber compared to ammonia. The tendency of being flat for both profiles at the downstream of the reactor suggests that depending on the operating conditions and geometry of the reactor after a certain length the reactor has no significant role in reducing NO x .
Effect of Residence Time

Effect on Injection Temperature
Figures 5 and Figure 6 shows the reduction and initial concentration of NO x as a function of injection temperature for 5% urea and ammonia solution at NSR of 4. The figure shows that for both cases, up to a certain temperature NO x reduction continued to increase with increasing injection temperature and afterward the reduction decayed with further increase in temperature. The decay was sharper in case of ammonia. In case of urea, a maximum of 54% NO x reduction was achieved at a temperature of 1128 K, while as for ammonia maximum reduction was 57%, which was achieved at 1063 K. So, ammonia got better NO x reduction performance as well as lower peak temperature of reduction as compared to urea. As far as temperature window is concerned, in case of ammonia temperature window widened toward lower temperature from the peak temperature of reduction as compared to urea. Between urea and ammonia for a reduction of 53%, the variation of injection temperatures was 83 K at lower temperature side, which demonstrated that in case of ammonia the temperature window was shifted toward lower temperature side. On the contrary, urea got wider temperature window toward higher temperature side from the optimum point. In higher temperature side, an equal reduction of 30% was achieved at further 132 K higher temperature as compared to ammonia. The above phenomenon suggests that ammonia could be applicable for lower temperature applications as compared to urea.
Conclusions
The followings are the main conclusions deduced from the investigations. The effective temperature window in the present studies is in the range of about 973 K to about 1300 K. A significant result shows that for NSR, between NSR of about 1 to 3.3, urea achieved better reduction rate compare to ammonia but between NSR of about 3.3 to 4, ammonia was observed to be effective NO x reducing reagent at the investigated injection temperature. Meanwhile for the effect of residence time, both profiles show that the NO x reduction increased with increase in residence time. Up to the residence time of 283 ms in case of both profiles, the reduction was moderate, however, afterwards with further increase in residence time the reduction rate decreased gradually and tended to be flat. Finally for the effect on injection temperature, for the case of urea, a maximum of 54% NO x reduction was achieved at a temperature of 1128 K, while as for ammonia maximum reduction was 57%, which was achieved at 1063 K. So, ammonia got better NO x reduction performance as well as lower peak temperature of reduction as compared to urea. The study on the difference aqueous solution can be further investigate using wider temperature range to look the effect in low and high temperature profile. 
